Abstract: The present numerical investigation identifies quantitative effects of fundamental controlling parameters on the detachment characteristics of isolated bubbles in cases of pool boiling in the nucleate boiling regime. For this purpose, an improved Volume of Fluid (VOF) approach, developed previously in the general framework of OpenFOAM Computational Fluid Dynamics (CFD) Toolbox, is further coupled with heat transfer and phase change. The predictions of the model are quantitatively verified against an existing analytical solution and experimental data in the literature. Following the model validation, four different series of parametric numerical experiments are performed, exploring the effect of the initial thermal boundary layer (ITBL) thickness for the case of saturated pool boiling of R113 as well as the effects of the surface wettability, wall superheat and gravity level for the cases of R113, R22 and R134a refrigerants. It is confirmed that the ITBL is a very important parameter in the bubble growth and detachment process. Furthermore, for all of the examined working fluids the bubble detachment characteristics seem to be significantly affected by the triple-line contact angle (i.e., the wettability of the heated plate) for equilibrium contact angles higher than 45 • . As expected, the simulations revealed that the heated wall superheat is very influential on the bubble growth and detachment process. Finally, besides the novelty of the numerical approach, a last finding is the fact that the effect of the gravity level variation in the bubble detachment time and the volume diminishes with the increase of the ambient pressure.
Introduction
Boiling heat transfer is encountered in a wide field of applications, ranging from everyday life applications to more complex, industrial applications. Therefore, exact knowledge and understanding of the boiling process and its fundamental parameters and limitations are necessary for the design and optimisation of a wide range of thermal systems and technologies. Another quite important aspect regarding boiling heat transfer is the wide range of dimensional scales in the applications. Due to the difficulty of generalizing the various operative conditions, boiling heat transfer has been intensively studied in the past and is still the subject of ongoing research activities in many research groups all over the world.
In the past, many semi-empirical correlations have been developed based on a large number of experiments for different parameter ranges. However, the number of influencing parameters is very high and is further increased by new experiments deploying new experimental correlations. Therefore, in order to further improve the existing predictive tools, a deeper physical understanding of the boiling against experimental results of pool boiling of refrigerants available in the literature [38] . Then, the validated and optimised version of the model is further applied for the conduction of a wide range of parametric numerical experiments, identifying the effects of the initial thermal boundary layer (ITBL) thickness, the surface wettability (triple-line contact angle), the plate superheat and the gravity level on the bubble detachment characteristics.
Numerical Method

Governing Equations
In this section, the governing equations for the mass, momentum, energy, and volume fraction are presented. It should be mentioned that the liquid and vapour phases are both treated as incompressible, Newtonian fluids. Apart from the liquid phase, which is obviously incompressible, for all of the cases presented in the present paper, the maximum flow velocity within the vapour phase did not exceed some meters per second. Therefore, the Mach number is safely low in order to neglect the compressibility effects and treat both phases as incompressible.
The mass conservation equation is given as:
where U is the fluid velocity and ρ is the bulk density. The source term on the right-hand side accounts for the phase change. It should be mentioned that despite the local source terms, the mass is globally conserved since all of the mass that is removed from the liquid side of the interface is added on the vapour side. The conservation of momentum is given by the following equation:
where p is the pressure and µ is the bulk dynamic viscosity. The momentum source terms on the right-hand side of the equation account for the effects of surface tension and gravity, respectively. The surface tension term is modelled according to the classical approach of Brackbill et al. [39] . The conservation of energy balance is given by the following equation:
where c p is the bulk heat capacity, T is the temperature field, and λ is the bulk thermal conductivity. The source term on the right-hand side of the equation will be explained in Section 2.2. The volume fraction α is advected by the flow field using the following equation:
Interface sharpening is very important in simulating two-phase flows of two immiscible fluids. In OpenFOAM, the sharpening of the interface is achieved artificially by introducing the extra compression term in Equation (4) (∇ · (α(1 − α)U r )), where U r is the artificial compression velocity which is calculated from the following relationship:
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where n f is the cell surface normal vector, ϕ is the mass flux, S f is the surface area of the cell, and C γ is a coefficient the value of which can be set between 1 and 4. Then U r is the relative velocity between the two fluid phases due to the density and viscosity change across the interface. In Equation (4) , the divergence of the compression velocity U r ensures the conservation of the volume fraction α, while the term α(1 − α) limits this artificial compression approach only in the vicinity of the interface, where 0 < α < 1 [40] . The level of compression depends on the value of C γ ( [40, 41] ). For the simulations of the present investigation, initial trial simulations indicated that a value of C γ = 1 should be used in order to maintain a quite sharp interface without at the same time having unphysical results. The source term on the right-hand side of the Equation (4) is needed because, due to the local mass source terms, the velocity field is not free of divergence. It should be mentioned that the VOF method in OpenFOAM does not solve Equation (4) implicitly, but instead by applying a multidimensional universal limiter with an explicit solution algorithm (MULES). Together with the interface compression algorithm, this method ensures a sharp interface and bounds the volume fraction values between 0 and 1 [42] .
Finally, the bulk fluid properties γ are computed as the averages over the liquid (γ l ) and vapour (γ v ) phases, weighted with the volume fraction α:
As it is known, the VOF method usually suffers from non-physical spurious currents in the interface region. These spurious velocities are due to errors in the calculation of the normal vectors and the curvature of the interface that are used for the calculation of the interfacial forces. These errors emerge from the fact that in the VOF method, the interface is implicitly represented by the volume fraction values that encounter sharp changes over a thin region [43] .
As previously mentioned in the Introduction section of the present paper, the VOF-based solver that is used in the present investigation has been modified accordingly in order to account for an adequate level of spurious current suppression. The proposed modification involves the calculation of the interface curvature κ using smoothed volume fraction values α which are obtained from the initially calculated volume fraction field α, smoothing it over a finite region in the vicinity of the interface:
All other equations are using the initially calculated (non-smoothed) volume fraction values of α. The proposed smoothing is achieved by the application of a Laplacian filter which can be described by the following equation:
In Equation (8) , the subscripts p and f denote the cell and face index, respectively, and α f is the linearly interpolated value of α at the face center. The application of the proposed filter can be repeated more than one time in order to obtain an adequately smoothed field. For the applications of the present investigation, initial trial simulations indicated that the filter should be applied no more than two times, in order to avoid the levelling out of high curvature regions. The proposed, enhanced VOF solver has been tested and verified against experimental results of isothermal bubble dynamics available in the literature with an excellent degree of convergence. More details on the proposed validation as well as on the proposed improved VOF method can be found in the paper by Georgoulas et al. [36] .
Phase Change Model
The utilised phase change model which was implemented in the improved OpenFOAM VOF solver that is used in the present investigation will be described briefly in this section. Supplementary details can be found in the work of Hardt and Wondra [19] . The evaporating mass flux at the liquid-vapour interface j evap is calculated from the following equation:
where T int is the temperature of the interface, T sat is the saturation temperature, R int is the interfacial heat resistance and h lv is the latent heat of evaporation at the saturation temperature. The interfacial heat resistance is calculated by the following equation based in the considerations of Schrage [44] ,
It is clear that this last equation is in fact a fitting function, due to the uncertainty of the parameter γ, which eventually may vary in the range 0 < γ < 1. For the cases that will be presented here, the constant γ which is also known as the evaporation/condensation coefficient is taken equal to unity from the literature (e.g., [22] [23] [24] 33, 45, 46] ). However, it should be noted that in different cases that are not presented in the present investigation, the value of the proposed coefficient needed to be significantly lower than unity. R gas is the specific gas constant of the working fluid that is calculated from the universal gas constant and the molecular weight of the working fluid. The amount of liquid that evaporates is calculated locally and the resulting source term field is smeared over a few cells in order to avoid numerical instabilities. The evaporating mass is taken away on the liquid side of the interface and reappears on the vapour side. According to previous investigations (e.g., [22] [23] [24] 33, 45, 46] ), despite the fact that Equations (9) and (10) are derived from considerations on length scales which are several orders smaller than the typical grid size used in the simulations, the proposed evaporation model leads to correct evaporation rates since it acts as a control loop. The more the temperature at the interface deviates from the saturation value, the more liquid evaporates and the more the temperature drops locally. This ensures that the temperature at the liquid-vapour interface always remains close to the saturation temperature. The evaporating/condensing mass flux is calculated from Equation (9) and must be incorporated into the conservation equations, by the definition of volumetric source terms. This is done by multiplying the evaporating mass flux at the liquid-vapour interface by the magnitude of the volume fraction gradient, as indicated in the following equation:
This initial sharp source term field (SSTF) is integrated over the whole computational domain to calculate the "Net Mass Flow" through the entire liquid-vapour interface, using the following equation:
This value is important for global mass conservation, in order to ensure that the magnitudes of the mass sources in the liquid and vapour parts are equal and correspond to the net evaporation rate. The sharp source term field is then smeared over several cells, by solving the following diffusion equation for the smooth distribution of source terms
where ∆τ is an artificial time step and Neumann boundary conditions are imposed for the smooth source term field on all boundaries of the domain. Therefore, the integral values of the sharp and the smooth source fields remain the same, despite the smearing. The width of the smeared source term field is proportional to the square root of the product of the diffusion constant "D" and the artificial time step "∆τ". It should be mentioned that the value of "D" must be adjusted to the mesh resolution such that the source term field is smeared over several cells. Then, the source terms in all cells that do not contain pure liquid or vapour (α < 1 − α cut and α > α cut , where α cut may be set to 0.05) are artificially set to zero. This cropping step ensures that source terms are shifted into the pure vapour and liquid cells are only in the vicinity of the interface. The interface therefore is not subjected to any source terms and is only transported by the calculated velocity field. Therefore, the transport algorithm for the volume fraction field as well as the associated interface compression can work efficiently without any interference with the source term field. The remaining source term field is scaled individually on the liquid and the vapour side through the application of appropriate scaling coefficients. This scaling step ensures that the mass is globally conserved and that the evaporating or condensing mass flow corresponds globally to the net mass flow through the interface.
The newly proposed scaling coefficients N l and N v are calculated by integrating the smooth source term field in each of the pure phases and comparing it to the net mass flow . m int (Equation (12)), utilising the following equations:
.
Finally, the final source term distribution is calculated using the above scaling factors in the following equation:
An example of the aforementioned final source term distribution is depicted indicatively in Figure 1 below. Finally, the final source term distribution is calculated using the above scaling factors in the following equation:
An example of the aforementioned final source term distribution is depicted indicatively in Figure 1 below. The source term ℎ of Equation (3) is obtained from Equation (17):
where Cpv and Cpl represent the heat capacity of the vapour and liquid phases, respectively. The first part of the source term corresponds to a correction source term that removes artefacts that emerge due to the structure or the mass source term in the proposed methodology. The second part of the source term represents the contribution of the enthalpy of evaporation or else the cooling associated with the latent heat of the phase change. Further details can be found in the work of Hardt and Wondra [19] .
Simulation Parameters
As mentioned previously, all the numerical simulations on pool boiling of the present work were The source term .
h of Equation (3) is obtained from Equation (17):
where C pv and C pl represent the heat capacity of the vapour and liquid phases, respectively. The first part of the source term corresponds to a correction source term that removes artefacts that emerge due to the structure or the mass source term in the proposed methodology. The second part of the source term represents the contribution of the enthalpy of evaporation or else the cooling associated with the latent heat of the phase change. Further details can be found in the work of Hardt and Wondra [19] .
As mentioned previously, all the numerical simulations on pool boiling of the present work were performed with the finite volume-based CFD code OpenFOAM (version 2.2.1), utilising and enhancing its original VOF-based solver "interFoam". For pressure-velocity coupling, the PISO (Pressure-Implicit with Splitting of Operators) scheme is applied. The transient terms in the equations are discretised using a second-order, bounded, implicit scheme (Euler). The calculation time step is controlled by setting the maximum Courant number to 0.2. With this adaptive time-stepping technique, the time step is automatically varied from approximately 10 −9 to 10 −6 s for the overall simulation cases that are presented in the present paper. The gradient terms are discretised using a second-order, Gaussian integration with linear interpolation (Gauss linear). For the divergence terms, different discretisation schemes are applied for each term in the equations. In more detail, the convection term of Equation (2) is discretised using a "Gauss upwind" scheme. The ∇ · α → U term of Equation (4) is discretised using the "Gauss vanLeer" scheme, while the ∇ · (α(1 − α)U r ) term is discretised using the "Gauss interfaceCompression" scheme which ensures the boundedness of the calculated volume fraction field. Finally, all Laplacian terms are discretised using the "Gauss Linear Corrected" scheme. The divergence term of Equation (3) is discretised using a "Gauss linear" scheme. Further details regarding the adopted discretisation schemes can be found in OpenFOAM Documentation (OpenFOAM, 2013 [42] ). It should be mentioned that this was the optimum combination of discretisation schemes in order to maintain a balance between accuracy, convergence and numerical stability during the computations.
Validation of Numerical Method
Growth of a Spherical Bubble in a Superheated Liquid
The first test case that was selected in order to validate the previously described implementations in the improved VOF-based numerical model is the growth of a spherical bubble in an infinitely extended superheated liquid domain. This test case constitutes a widely used test case for the validation of boiling models throughout the literature (e.g., [19, 23, 37, [46] [47] [48] ).
The growth of the bubble within a superheated liquid domain follows two distinct stages. At the initial stage, the bubble growth is mainly controlled by the effects of surface tension and inertia. At the second stage, the growth is controlled only by the heat transfer rate from the superheated liquid to the liquid-vapour interface. During this final stage, it can be assumed that the bulk vapour and the liquid-vapour interface are at saturation temperature. The bubble size at this stage is quite large in order to safely neglect the vapour saturation temperature rise due to the pressure jump across the interface [46] . More details regarding the simulated phenomenon are described in detail in the work of Plesset and Zwick [47] . An analytical solution for this situation has been derived by Scriven [48] . According to this analytical solution, the bubble radius as a function of time is given by the following equation:
where β is a growth constant, the details of which can be found in the work of Scriven [48] , and D is the thermal diffusivity of the liquid. This analytical solution permits the calculation of the initial conditions for the numerical simulations (initial temperature profile at the bubble interface and initial bubble radius) in order to validate the numerical results. Here, all the details for the initial conditions of the simulations that are going to be presented are taken from the works of Kunkelmann and Stefan [23] and Magnini [46] , which were derived from the above-mentioned analytical solution [48] for the time instant that the bubble in each case has a radius of 0.1 mm. The geometric characteristics and the initial conditions of the considered physical problem are illustrated schematically in Figure 2 .
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Finally, in Figure 5 , the spatial and temporal evolution of the numerically predicted bubble growth is illustrated through the resulting temperature field at each time instant of the simulation for the water liquid/vapour case, while in Figure 6 a quantitative comparison of the numerical predictions with the analytical solution is conducted for all fluid cases.
Finally, in Figure 5 , the spatial and temporal evolution of the numerically predicted bubble growth is illustrated through the resulting temperature field at each time instant of the simulation for the water liquid/vapour case, while in Figure 6 a quantitative comparison of the numerical predictions with the analytical solution is conducted for all fluid cases. As can be observed, the developed numerical model of the present paper adequately predicts the vapour bubble growth within the superheated liquid domain, for all of the considered fluid cases, in comparison with the proposed analytical solution [48] . 
Pool Boiling
Problem Definition
In order to further validate the numerical model, the experiments on single bubble growth in saturated pool boiling at a constant wall temperature boundary condition, reported in the work of Lee et al. [38] , were selected, among others, since many necessary data used for their numerical reproduction are accurately reported by the authors. In more detail, in the proposed work, nucleate pool boiling experiments with constant wall temperatures were performed using R11 and R113 refrigerants, for various saturated conditions. A micro-scale heater array and Wheatstone bridge circuits were used to maintain a constant wall temperature condition and to obtain measurements with high temporal and spatial resolution. Accurate heat flow rate data were obtained from the As can be observed, the developed numerical model of the present paper adequately predicts the vapour bubble growth within the superheated liquid domain, for all of the considered fluid cases, in comparison with the proposed analytical solution [48] .
Pool Boiling
Problem Definition
In order to further validate the numerical model, the experiments on single bubble growth in saturated pool boiling at a constant wall temperature boundary condition, reported in the work of Lee et al. [38] , were selected, among others, since many necessary data used for their numerical reproduction are accurately reported by the authors. In more detail, in the proposed work, nucleate pool boiling experiments with constant wall temperatures were performed using R11 and R113 refrigerants, for various saturated conditions. A micro-scale heater array and Wheatstone bridge circuits were used to maintain a constant wall temperature condition and to obtain measurements with high temporal and spatial resolution. Accurate heat flow rate data were obtained from the micro-scale heater array by controlling the surface conditions at a high temporal resolution. Images of the bubble growth were captured using a high-speed CCD camera synchronised with the heat flow rate measurements. The geometry of the bubble was obtained from the images. In the present paper, one specific experimental run for R113 is reproduced numerically and presented as a validation case.
Computational Set-Up
Since, the processes of bubble growth and detachment in the proposed experiment can be considered to be axisymmetric, an axisymmetric computational domain was constructed for its numerical reproduction. The adopted computational domain, mesh and boundary conditions are illustrated in Figure 7 . As can be seen, a wedge-type geometry was constructed, representing a 5 • section of the corresponding 3D domain in the considered physical problem. A non-uniform structured computational mesh with local refinement was used, consisting of 400,000 hexahedral cells. A minimum cell size of 2 µm and a maximum cell size of 4 µm were selected in the bottom left and top right corners of the computational domain, respectively, in order for the solution to be mesh-independent. The overall domain size in the XY plane is 2.5 mm × 4 mm. These dimensions were indicated from initial trial simulations that were conducted in order to determine the minimum distances between the axis of symmetry and the side wall boundary (domain width), as well as between the bottom wall and the outlet (domain height), in order to avoid any influence of these boundaries in the computed bubble growth and detachment process.
At the solid walls, a no-slip velocity boundary condition was used with a fixed flux pressure boundary condition for the pressure values. At the lower wall, a constant contact angle of θ = 30 • was imposed for the volume fraction field. According to Lee et al. [38] , the static equilibrium contact angle of the micro-scale heater array surface was 11.4 • for R113. However, the dynamic characteristics of a boiling bubble are supposed to be different with respect to the static equilibrium contact angle, which is usually measured with the sessile drop method, and at ambient temperature and pressure conditions. Therefore, the value of θ = 30 • which was finally selected for the numerical simulation was chosen after a series of parametric numerical simulations, where contact angles ranging from 11.4 • to 160 • were tested. The adopted value of θ = 30 • indicated the closest numerical predictions to the corresponding experimental observations. The proposed parametric analysis is presented in detail in Section 4.2. For the side wall, a zero-gradient boundary condition was used for the volume fraction values. As for the temperature field, a constant temperature of T w = 334.15 K (in accordance with the selected experimental run) was imposed in the bottom wall and a zero-gradient boundary condition was used for the sidewall. At the outlet, a fixed-valued pressure boundary condition and a zero-gradient boundary condition for the volume fraction were used, while for the velocity values, a special (combined) type of boundary condition was used that applies a zero gradient when the fluid mixture exits the computational domain and a fixed-value condition to the tangential velocity component, in cases where fluid enters the domain. Finally, a zero-gradient boundary condition for the temperature field was also prescribed at the outlet boundary. The fluid properties for the initial conditions as well as some computational details for the simulation imitating the selected experimental run are summarised in Table 2 . At the solid walls, a no-slip velocity boundary condition was used with a fixed flux pressure boundary condition for the pressure values. At the lower wall, a constant contact angle of θ = 30° was imposed for the volume fraction field. According to Lee et al. [38] , the static equilibrium contact angle of the micro-scale heater array surface was 11.4° for R113. However, the dynamic characteristics of a boiling bubble are supposed to be different with respect to the static equilibrium contact angle, which is usually measured with the sessile drop method, and at ambient temperature and pressure conditions. Therefore, the value of θ = 30° which was finally selected for the numerical simulation was chosen after a series of parametric numerical simulations, where contact angles ranging from 11.4° to 160° were tested. The adopted value of θ = 30° indicated the closest numerical predictions to the corresponding experimental observations. The proposed parametric analysis is presented in detail in Section 4.2. For the side wall, a zero-gradient boundary condition was used for the volume fraction values. As for the temperature field, a constant temperature of Tw = 334.15 K (in accordance with the selected experimental run) was imposed in the bottom wall and a zero-gradient boundary condition was used for the sidewall. At the outlet, a fixed-valued pressure boundary condition and a zero-gradient boundary condition for the volume fraction were used, while for the velocity values, a special (combined) type of boundary condition was used that applies a zero gradient when the fluid mixture exits the computational domain and a fixed-value condition to the tangential velocity component, in cases where fluid enters the domain. Finally, a zero-gradient boundary condition for the temperature field was also prescribed at the outlet boundary. The fluid properties for the initial conditions as well as some computational details for the simulation imitating the selected experimental run are summarised in Table 2 . The initial temperature of the R113 liquid in the computational domain was assumed to be at saturation temperature. Then a single-phase transient solution was started for a certain time period in order for the initial temperature boundary layer to be developed in the vicinity of the heated wall. After the development of a desired temperature boundary layer thickness, an initial seed bubble with a radius of 50 µm was patched at the bottom wall, as a 5 • section of a hemisphere (axisymmetric simulation), which immediately started to evaporate. The initial condition for the two-phase simulation corresponded to the time when the bubble seed was planted in the domain (Figure 8) .
At this point it should be mentioned that, since the initial thermal boundary layer thickness was not measured in the experiments of Lee et al. [38] , a series of parametric numerical simulations were performed, utilising a wide number of successive thicknesses, developed in the single-phase simulation at successive time instances. More details regarding the effect of the initially developed boundary layer characteristics on the bubble growth and detachment process are given in Section 4.1. A thickness of 352 µm, which corresponds to a development time of 0.08 s, showed the best match with the corresponding experimental results. saturation temperature. Then a single-phase transient solution was started for a certain time period in order for the initial temperature boundary layer to be developed in the vicinity of the heated wall. After the development of a desired temperature boundary layer thickness, an initial seed bubble with a radius of 50 μm was patched at the bottom wall, as a 5° section of a hemisphere (axisymmetric simulation), which immediately started to evaporate. The initial condition for the two-phase simulation corresponded to the time when the bubble seed was planted in the domain (Figure 8 ). At this point it should be mentioned that, since the initial thermal boundary layer thickness was not measured in the experiments of Lee et al. [38] , a series of parametric numerical simulations were performed, utilising a wide number of successive thicknesses, developed in the single-phase simulation at successive time instances. More details regarding the effect of the initially developed boundary layer characteristics on the bubble growth and detachment process are given in Section 4.1. A thickness of 352 μm, which corresponds to a development time of 0.08 s, showed the best match with the corresponding experimental results.
Comparison of Numerical and Experimental Results
In Figure 9 , the reconstructed 3D evolution of the 0.5 volume fraction contour (interface) from the axisymmetric simulation is compared with the corresponding experimental snapshots for approximately the same time instances that correspond to the bubble detachment stage, while in Table 3 the numerically predicted bubble detachment characteristics are compared with the corresponding experimental values. 
In Figure 9 , the reconstructed 3D evolution of the 0.5 volume fraction contour (interface) from the axisymmetric simulation is compared with the corresponding experimental snapshots for approximately the same time instances that correspond to the bubble detachment stage, while in Table 3 the numerically predicted bubble detachment characteristics are compared with the corresponding experimental values. . Qualitative comparison of experimental [38] and numerical (present investigation) 3D bubble evolution.
As can be observed, the numerical model predictions are in very good agreement with the corresponding experimental data. The numerically predicted spatial and temporal evolution of the generated bubble matches very well with the corresponding experimental images (Figure 9 ). Some small deviations in the shape of the bubble, especially after its detachment from the heated plate, can be attributed to the fact that the proposed experimental images were recorded after a few bubble cycles, while the numerical simulation images represent the first bubble cycle. However, as is indicated in Table 3 , the numerical model predictions regarding the bubble detachment time and the equivalent bubble detachment diameter are in very close agreement with the corresponding experimental values. 
Application of the Validated Numerical Model for the Simulation of Pool Boiling Characteristics
In the current section of the present work, the validated numerical model is further applied for the conduction of four different series of parametric numerical simulations, aiming to identify and Figure 9 . Qualitative comparison of experimental [38] and numerical (present investigation) 3D bubble evolution. As can be observed, the numerical model predictions are in very good agreement with the corresponding experimental data. The numerically predicted spatial and temporal evolution of the generated bubble matches very well with the corresponding experimental images (Figure 9 ). Some small deviations in the shape of the bubble, especially after its detachment from the heated plate, can be attributed to the fact that the proposed experimental images were recorded after a few bubble cycles, while the numerical simulation images represent the first bubble cycle. However, as is indicated in Table 3 , the numerical model predictions regarding the bubble detachment time and the equivalent bubble detachment diameter are in very close agreement with the corresponding experimental values.
In the current section of the present work, the validated numerical model is further applied for the conduction of four different series of parametric numerical simulations, aiming to identify and quantify the effects of fundamental controlling parameters in the bubble growth and detachment characteristics, identified as being important during the validation process.
In more detail, the first series (Series A) aims to identify the effect of the initial thermal boundary layer, the second (Series B) the effect of the triple-line contact angle (wettability), the third (Series C) the effect of the wall superheat and the fourth (Series D) the effect of the gravity level in the bubble growth and detachment characteristics.
In all these simulations, the same computational domain, mesh and boundary conditions with the validation case presented in the previous section were used. Three different refrigerants were used as working fluids. R113, as in the validation section of the present paper, was used for Series A, while R113 as well as R22 and R134a were used for the numerical simulations of Series B, C and D, since these are among the most widely used working fluids in boiling applications. The corresponding fluid properties and initial conditions for the base cases, which are used as a reference in the proposed series of parametric numerical simulations, are summarised in Appendix A, Tables A1-A3, respectively.
The temporal and spatial evolution of the bubble growth and detachment process for the base case of Table A1 (Appendix A) is depicted indicatively in Figure 10 , where the interface position between the vapour and liquid phases (green surface) is illustrated for successive time instances, from the 3D reconstruction of the axisymmetric simulation results. As can be observed, the initially seeded bubble nucleus (t = 0 ms) grows and finally detaches from the superheated wall. As was expected, initially, the bubble base diameter increases since the evaporating meniscus on the bubble foot slides outwards up to a certain point, and finally decreases, sliding inwards up to the instance of detachment. After detachment from the heated wall, the bubble rises in the liquid domain due to buoyancy. Furthermore, a characteristic depletion of the thermal Figure 10 . Three-dimensional bubble spatial and temporal evolution (base case, R113).
As can be observed, the initially seeded bubble nucleus (t = 0 ms) grows and finally detaches from the superheated wall. As was expected, initially, the bubble base diameter increases since the evaporating meniscus on the bubble foot slides outwards up to a certain point, and finally decreases, sliding inwards up to the instance of detachment. After detachment from the heated wall, the bubble rises in the liquid domain due to buoyancy. Furthermore, a characteristic depletion of the thermal boundary layer is observed after the bubble detachment, while the rising bubble carries some heat upwards in its tail. These qualitative observations are in agreement with previous similar investigations (e.g., [23, 49, 50] ).
Effect of Initial Thermal Boundary Layer-Series A
Since the superheated bulk liquid thermal boundary layer thickness determines how much heat is stored in the fluid layer in the vicinity of the heated plate, it was deemed appropriate for a parametric study to be conducted, aiming to identify the effect of the initial thermal boundary layer (ITBL) thickness, on the bubble growth and detachment process. Therefore, in the current section of the present paper, the effect of the ITBL on the bubble detachment characteristics is investigated numerically. For this purpose, the base case of Table 4 is utilised and additional simulations are performed by systematically varying the ITBL that is imposed, as an initial condition, in the vicinity of the heated plate (bottom wall boundary of the computational domain). In more detail, a single-phase transient simulation is first performed and the developed thermal boundary layers are extracted in certain successive time steps. These are then used as the initial condition for the temperature field in the two-phase numerical simulations that comprise the proposed parametric analysis (Series A numerical simulations). All the other simulation parameters are kept constant with respect to the base simulation case (Table A1) . Details regarding the overall runs conducted are summarised in Table 4 . As can be observed, a total number of nine additional simulations were performed, changing the initial temperature field in each case. The reference/base case in Table 4 corresponds to the validation run of Figure 9 . The prescribed ITBL in each case is illustrated diagrammatically in Figure 11 , where the initial variation of temperature with respect to the vertical distance from the heated plate is plotted for each run of Series A numerical simulations.
The spatial evolution of the generated bubbles for each of the above cases at the time of detachment is depicted in Figure 12 . As can be observed, there was a substantial increase in the bubble growth and detachment characteristics with respect to the corresponding increase in the thickness of the ITBL. The thicker the ITBL, the bigger the bubble diameter at detachment. These findings are in direct qualitative agreement with previous similar investigations (e.g., [51] ).
As can be observed, a total number of nine additional simulations were performed, changing the initial temperature field in each case. The reference/base case in Table 4 corresponds to the validation run of Figure 9 . The prescribed ITBL in each case is illustrated diagrammatically in Figure 11 , where the initial variation of temperature with respect to the vertical distance from the heated plate is plotted for each run of Series A numerical simulations. The spatial evolution of the generated bubbles for each of the above cases at the time of detachment is depicted in Figure 12 . As can be observed, there was a substantial increase in the bubble growth and detachment characteristics with respect to the corresponding increase in the thickness of the ITBL. The thicker the ITBL, the bigger the bubble diameter at detachment. These findings are in direct qualitative agreement with previous similar investigations (e.g., [51] ). The bubble detachment time with respect to the ITBL thickness is plotted in Figure 13a , while the equivalent bubble detachment diameter with respect to the ITBL thickness is plotted in Figure 13b . It should be mentioned here that the diameter of a sphere, having the same volume as the corresponding bubble in each case at the time of detachment from the heated plate, is taken as the equivalent bubble detachment diameter.
(a) Figure 12 . Spatial evolution of generated bubble at the time of detachment for each case of Series A.
The bubble detachment time with respect to the ITBL thickness is plotted in Figure 13a , while the equivalent bubble detachment diameter with respect to the ITBL thickness is plotted in Figure 13b . It should be mentioned here that the diameter of a sphere, having the same volume as the corresponding bubble in each case at the time of detachment from the heated plate, is taken as the equivalent bubble detachment diameter.
As can be observed, the increase of the ITBL causes a linear increase in both the bubble detachment time as well as the equivalent bubble detachment diameter. It is characteristic that an increase of the ITBL by a factor of five causes a corresponding increase in the bubble detachment time and the equivalent bubble detachment diameter by a factor of nine and six, respectively. From all the above, it is evident that the ITBL is a very influential and important parameter in the bubble growth and detachment process. Therefore, it is strongly suggested that the bulk liquid thermal boundary layer thickness should be measured and reported in future experimental studies, since it comprises a required input for the successful numerical simulation of nucleate boiling processes. According to the authors' best knowledge, this is the first time that this effect has been examined, identified and quantified in detail.
The bubble detachment time with respect to the ITBL thickness is plotted in Figure 13a , while the equivalent bubble detachment diameter with respect to the ITBL thickness is plotted in Figure 13b . It should be mentioned here that the diameter of a sphere, having the same volume as the corresponding bubble in each case at the time of detachment from the heated plate, is taken as the equivalent bubble detachment diameter. 
Effect of Surface Wettability-Series B
Past studies have identified surface wettability as one of the most important factors affecting bubble nucleation, growth and detachment (e.g., [27, [52] [53] [54] ) and they provide a good summary of the current understanding. The effect of surface wettability on bubble growth can be incorporated in a numerical model by the imposed contact angle between the vapour/liquid interface and the heated solid surface (triple-line). In the current section of the present paper, the effect of wettability on the bubble detachment characteristics is investigated numerically. For this purpose, the base cases of Tables 4-6 are utilised and additional simulations are performed by systematically varying the value of the triple-line (solid-liquid-vapour) contact angle at the bottom wall boundary of the computational domain. All the other simulation parameters are kept constant with respect to the base simulation cases (Tables A1-A3 in Appendix A). Details regarding the overall runs are summarised in Table 5 . As can be seen, a total of 45 simulations were performed, varying the imposed contact angle at the bottom wall boundary from 11.4 • up to 80 • for the cases of R113 runs (B1 to B15) and from 15 • to 85 • for the cases of R22 (B16 to B30) and R134a (B31 to B45) runs. The spatial evolution of the generated bubbles for each of the above cases, at the time of detachment, is depicted in Figures 14-16 , for the R113, R22 and R134a cases, respectively. As can be observed from Figure 14 , for the R113 runs, initially the successive increase of the imposed contact angle from 11.4° (case B1) up to 45° (case B8) had a relatively minimal effect on the bubble detachment characteristics. On the other hand, for equilibrium contact angles greater than 45° (cases B9 to B15), the effect of the contact angle on both the bubble detachment volume and the bubble detachment time appeared to be more significant. In more detail, the bubble detachment volume slightly decreased (cases B2 and B3) and then remained almost constant (cases B4-B8). However, a slightly different effect could be observed in the predicted bubble detachment times. The bubble detachment time initially showed a small decrease (cases B2-B4), and then it successively started to bubble detachment characteristics. On the other hand, for equilibrium contact angles greater than 45 • (cases B9 to B15), the effect of the contact angle on both the bubble detachment volume and the bubble detachment time appeared to be more significant. In more detail, the bubble detachment volume slightly decreased (cases B2 and B3) and then remained almost constant (cases B4-B8). However, a slightly different effect could be observed in the predicted bubble detachment times. The bubble detachment time initially showed a small decrease (cases B2-B4), and then it successively started to show a small increase again (cases B5-B8). When the imposed contact angle successively increased above 45 • (cases B9-B15), it caused a subsequent increase in the bubble detachment volume. Approximately the same trend could be observed also for the bubble detachment time.
However, it is characteristic that while the bubble detachment time continuously increased with the corresponding increase in the contact angle (cases B9-B12), at a certain point (cases B13 and B14) it remained almost constant and then continued to increase (case B15).
Another interesting observation is the fact that for contact angles greater than 70 • (cases B14 and B15), the bubble departed from the heated surface, leaving behind a small residual bubble nucleus on the surface.
For the R113 runs (Figure 15 ), the successive increase of the imposed contact angle from 15 • up to 45 • (cases B16-B22) had a relatively small effect on the bubble detachment characteristics. However, as in the case of the R113 runs, there was a significantly greater effect of the contact angle increase on both the bubble detachment time and volume for contact angles greater than 45 • . In more detail, there was a small successive decrease in the bubble detachment volume as the contact angle increased from 15 • to 30 • (cases B16-B19) and then it remained constant from 35 • to 45 • (cases B20-B22). For angles greater than 45 • , the successive increase of the contact angle caused a significant increase in the bubble detachment volume (B23-B30). A similar behaviour could also be observed for the bubble detachment time.
Finally, for the R134a runs (Figure 16 ), an almost negligible effect of the contact angle increase on both the bubble detachment time and bubble detachment volume could be observed for contact angles lower than 45 • , while a significant increase in the bubble detachment characteristics was evident with the corresponding increase of the imposed contact angle for values greater than 45 • .
As can also be confirmed by the diagrams of Figure 17 , the bubble detachment characteristics seemed to be significantly affected by the imposed contact angle, i.e., the wettability of the heated plate, with values higher than 45 • showing an irregular increase. However, the proposed effect was minimal for contact angles lower than this limiting value of 45 • . It is important to note that in total, for each of the considered working fluids, increasing the contact angle by an approximate factor of eight caused a significant increase in the bubble detachment time by a factor of 10, while the equivalent bubble detachment diameter increased by a smaller but still significant factor of approximately three.
Therefore, it is evident that two distinct behavioural regions can be identified in the diagrams of Figure 17 which are common for all three examined working fluids: a "lyophilic" region (θ ≤ 45 • ) without significant changes in the bubble detachment characteristics and a "lyophobic" region (θ > 45 • ) where both the bubble detachment time and the equivalent bubble detachment diameter are highly affected by the wettability of the heated plate. According to the authors' best knowledge, there are not, at the moment, any experimental or numerical demonstrations of this phenomenon.
Cases with even higher contact angles were also tested for the case of R113 (up to a value of 160 • ). For this purpose, a bigger computational domain was constructed (5 mm × 8 mm), keeping the same computational mesh characteristics as the ones described in Section 3.2.2. Some indicative results are depicted in Figure 18 , where the spatial evolution of the generated bubbles after approximately 50 ms from the nucleation time is depicted for four different cases with corresponding contact angle values of 90 • , 115 • , 130 • and 140 • , respectively. plate, with values higher than 45° showing an irregular increase. However, the proposed effect was minimal for contact angles lower than this limiting value of 45°. It is important to note that in total, for each of the considered working fluids, increasing the contact angle by an approximate factor of eight caused a significant increase in the bubble detachment time by a factor of 10, while the equivalent bubble detachment diameter increased by a smaller but still significant factor of approximately three. Therefore, it is evident that two distinct behavioural regions can be identified in the diagrams of Figure 17 which are common for all three examined working fluids: a "lyophilic" region (θ ≤ 45°) without significant changes in the bubble detachment characteristics and a "lyophobic" region (θ > 45°) where both the bubble detachment time and the equivalent bubble detachment diameter are highly affected by the wettability of the heated plate. According to the authors' best knowledge, there are not, at the moment, any experimental or numerical demonstrations of this phenomenon.
Cases with even higher contact angles were also tested for the case of R113 (up to a value of 160°). For this purpose, a bigger computational domain was constructed (5 mm × 8 mm), keeping the same computational mesh characteristics as the ones described in Section 3.2.2. Some indicative results are depicted in Figure 18 , where the spatial evolution of the generated bubbles after approximately 50 ms from the nucleation time is depicted for four different cases with corresponding contact angle values of 90°, 115°, 130° and 140°, respectively. As can be observed, as the contact angle increased beyond the value of 80°, the bubble detachment time subsequently increased significantly; especially after reaching a contact angle of 100°, the bubble continuously grew and its initial meniscus continuously slid outwards, tending to form a vapour film. This observation is in direct qualitative agreement with previous investigations of pool boiling of water on hydrophilic, hydrophobic and super-hydrophobic surfaces (e.g., [55, 56] ). As can be observed, as the contact angle increased beyond the value of 80 • , the bubble detachment time subsequently increased significantly; especially after reaching a contact angle of 100 • , the bubble continuously grew and its initial meniscus continuously slid outwards, tending to form a vapour film. This observation is in direct qualitative agreement with previous investigations of pool boiling of water on hydrophilic, hydrophobic and super-hydrophobic surfaces (e.g., [55, 56] ). An example on the generated bubble before detachment for a hydrophilic (contact angle of 30 • ) and a hydrophobic (contact angle of 150 • ) surface, from the work of Malavasi et al. [56] , is given in the experimental snapshots of Figure 19 . Figure 18 . Evolution of a R113 bubble, at t = 49.40 ms, for equilibrium contact angles higher than 80°.
As can be observed, as the contact angle increased beyond the value of 80°, the bubble detachment time subsequently increased significantly; especially after reaching a contact angle of 100°, the bubble continuously grew and its initial meniscus continuously slid outwards, tending to form a vapour film. This observation is in direct qualitative agreement with previous investigations of pool boiling of water on hydrophilic, hydrophobic and super-hydrophobic surfaces (e.g., [55, 56] ). An example on the generated bubble before detachment for a hydrophilic (contact angle of 30°) and a hydrophobic (contact angle of 150°) surface, from the work of Malavasi et al. [56] , is given in the experimental snapshots of Figure 19 . Figure 19 . Experimental images of pool boiling of water on hydrophilic and hydrophobic surfaces [56] .
As can be seen, in the case of the hydrophilic surface, the shape of the bubble before its detachment is closer to case B4 of the present investigation (Figure 14) , while the case of the hydrophobic surface is in close qualitative agreement with the case of 140° of Figure 18 .
All the above findings indicate that the wettability of the heated surface in nucleate boiling is another quite important factor that significantly affects the bubble growth and detachment characteristics. Figure 19 . Experimental images of pool boiling of water on hydrophilic and hydrophobic surfaces [56] .
As can be seen, in the case of the hydrophilic surface, the shape of the bubble before its detachment is closer to case B4 of the present investigation (Figure 14) , while the case of the hydrophobic surface is in close qualitative agreement with the case of 140 • of Figure 18 .
All the above findings indicate that the wettability of the heated surface in nucleate boiling is another quite important factor that significantly affects the bubble growth and detachment characteristics.
Effect of Wall Superheat-Series C
In the current section of the present paper, the effect of the wall superheat on the bubble detachment characteristics is investigated numerically. For this purpose, the base cases of Tables A1-A3 (Appendix A) are utilised and additional simulations are performed by systematically varying the value of the heated plate superheat (bottom wall boundary of the computational domain). All the other simulation parameters are kept constant with respect to the base simulation cases. Details regarding the overall runs conducted are summarised in Table 6 . As can be seen, a total of 27 simulations were performed, varying the bottom wall superheat from 5.5 K up to 19.5 K for the R113 runs and from 2.5 K up to 19.5 K for the R22 and R134a runs, respectively. It should be mentioned here that as for the validation case (C3), a single-phase transient numerical simulation was initially performed in each of the above cases and the developed ITBL at 0.08 s was used as the initial condition for the temperature field in the two-phase simulations. This was done in order to start each case with approximately the same thickness of the ITBL but with a different superheat. The spatial evolution of the generated bubbles for each of the above cases, at the time of detachment, is depicted in Figures 20-22 for the R113, R22 and R134a runs, respectively.
As can be observed, both the bubble detachment time as well as the bubble detachment volume were highly sensitive to the wall superheat. In more detail, a successive increase in the bottom wall superheat caused a quite considerable subsequent increase in the bubble detachment characteristics. However, in order to quantify the exact influence of the wall superheat on the bubble detachment characteristics, the diagrams of Figure 23 are plotted. In more detail, the bubble detachment time with respect to the applied wall superheat is plotted in Figure 23a , while the equivalent bubble detachment diameter is plotted in Figure 23b .
As can be observed, the increase of the applied wall superheat caused a subsequent increase in both the bubble detachment time as well as the equivalent bubble detachment diameter, following a power law, for all three of the examined working fluids. It is characteristic that an increase in the applied superheat by a factor of just 3.5 caused a corresponding increase in the bubble detachment time and the equivalent bubble detachment diameter by an approximate factor of 18 and 10 for R113 and nine and six for R22 and R134a, respectively. All these findings and observations are in direct qualitative agreement with previous similar investigations (e.g., [57] ).
As expected, the value of the heated wall superheat is a very important parameter in the bubble growth and detachment process. Even a temperature variation of a few degrees can significantly alter the bubble detachment characteristics. Therefore, it can be concluded that the accurate measurement of the temperature values in the vicinity of the generated bubbles is quite crucial for the numerical reproduction of experimental results on nucleate boiling. 
Effect of Gravity Level-Series D
In the current section of the present paper, the effect of the gravity level on the bubble detachment characteristics is investigated numerically. For this purpose, the base cases of Tables A1-A3 (Appendix A) are utilised and additional simulations are performed by systematically varying the value of the gravitational acceleration. Five different gravity levels that correspond to the gravitational acceleration values of all the major planets in the Earth's solar system are utilised for the proposed parametric analysis. It must be mentioned that the proposed analysis is again performed for the same working fluids (R113, R22 and R134a), not only for atmospheric pressure conditions (1 bar), but also for 5 bar ambient pressure conditions. Tables A1-A3 indicate the utilised fluid properties for 1 bar ambient pressure. The corresponding properties and the initial conditions for the base simulation cases in the case of 5 bar ambient pressure are summarised in Appendix A, Tables A4-A6, accordingly. Details regarding the varying parameters and the overall runs conducted for Series D of the parametric numerical simulations are summarised in Table 7 .
As can be seen, a total of 30 simulations were performed. Four additional simulations for each of the considered working fluids (R113, R22 and R134a) were performed initially, changing the value of the gravitational acceleration from 9.81 m/s 2 in the base cases (D4, D9 and D14, Earth) to 0.58 m/s 2 (D1, D6 and D11, Pluto), 3.71 m/s 2 (D2, D7 and D12, Mars/Mercury), 8 .83 m/s 2 (D3, D8 and D13, Venus/Saturn/Uranus) and 10.99 m/s 2 (D5, D10 and D15, Neptune). Then these simulations were all repeated (D16-D20 for R113, D20-D25 for R22 and D25-D30 for R134a), changing the ambient pressure from 1 to 5 bar, and hence the properties of the liquid and vapour phases (as summarised in Tables A4-A6 ). The spatial evolution of the generated bubbles for each of the above cases, at the time of detachment, is depicted in Figures 24 and 25 , for the 1 bar ambient pressure cases (D1-D15) and the 5 bar ambient pressure cases (D16-D30), respectively. As can be seen, a total of 30 simulations were performed. Four additional simulations for each of the considered working fluids (R113, R22 and R134a) were performed initially, changing the value of the gravitational acceleration from 9.81 m/s 2 in the base cases (D4, D9 and D14, Earth) to 0.58 m/s 2 (D1, D6 and D11, Pluto), 3.71 m/s 2 (D2, D7 and D12, Mars/Mercury), 8 .83 m/s 2 (D3, D8 and D13, Venus/Saturn/Uranus) and 10.99 m/s 2 (D5, D10 and D15, Neptune). Then these simulations were all repeated (D16-D20 for R113, D20-D25 for R22 and D25-D30 for R134a), changing the ambient pressure from 1 to 5 bar, and hence the properties of the liquid and vapour phases (as summarised in Tables 10-12 ). The spatial evolution of the generated bubbles for each of the above cases, at the time of detachment, is depicted in Figures 24 and 25 , for the 1 bar ambient pressure cases (D1-D15) and the 5 bar ambient pressure cases (D16-D30), respectively. As can be observed from Figure 24 , for the cases of 1 bar ambient pressure, both the bubble detachment diameter as well as the bubble detachment time decreased with the corresponding increase of the gravity level. This observation can be explained by the corresponding increase of the acting buoyancy force on the generated bubble in each case bubble. In more detail, the higher the gravitational acceleration, the higher the acting buoyancy force, and therefore the lower the bubble detachment characteristics.
However, it is important to notice that for the cases of 5 bar ambient pressure (Figure 25 ), both the bubble detachment time as well as the bubble detachment volume seemed to be unaffected by the increase in the applied gravitational acceleration for all three of the examined working fluids. This can be seen in more detail in the diagrams of Figures 26 and 27 , where the bubble detachment time (Figures 26a and 27a) As can be observed from Figure 24 , for the cases of 1 bar ambient pressure, both the bubble detachment diameter as well as the bubble detachment time decreased with the corresponding increase of the gravity level. This observation can be explained by the corresponding increase of the acting buoyancy force on the generated bubble in each case bubble. In more detail, the higher the gravitational acceleration, the higher the acting buoyancy force, and therefore the lower the bubble detachment characteristics.
However, it is important to notice that for the cases of 5 bar ambient pressure (Figure 25 ), both the bubble detachment time as well as the bubble detachment volume seemed to be unaffected by the increase in the applied gravitational acceleration for all three of the examined working fluids. This can be seen in more detail in the diagrams of Figures 26 and 27 , where the bubble detachment time (Figures 26a and 27a) As can be observed from Figure 26a , for all three of the examined working fluids, the bubble detachment time decreased with the corresponding increase in the applied gravitational acceleration, following a power law. It is characteristic to notice that the rate of decrease was initially higher for the case of R134a, while the other two considered refrigerants (R113 and R22) showed a similar rate of decrease in the bubble detachment time with respect to the corresponding increase in the gravity level. A similar overall behaviour could be observed for the equivalent bubble detachment diameter As can be observed from Figure 26a , for all three of the examined working fluids, the bubble detachment time decreased with the corresponding increase in the applied gravitational acceleration, following a power law. It is characteristic to notice that the rate of decrease was initially higher for the case of R134a, while the other two considered refrigerants (R113 and R22) showed a similar rate of decrease in the bubble detachment time with respect to the corresponding increase in the gravity level. A similar overall behaviour could be observed for the equivalent bubble detachment diameter (Figure 26b ). It is characteristic that a total variation of the gravitational acceleration by a factor of almost 19 caused a relatively low variation in the bubble detachment time and the equivalent bubble detachment diameters by a factor of 1.27 and 1.02, respectively.
Examining the diagrams of Figure 27 , it can be concluded that, increasing the ambient pressure level of the system from 1 bar to 5 bar, it seems that the previously identified effects of the gravity level ( Figure 26 ) are diminishing. Furthermore, it is evident that, in general, increasing the pressure level causes the bubble detachment characteristics to decrease significantly.
Finally, in order to compare the relative importance of the overall examined controlling parameters in the bubble detachment characteristics, Table 8 summarises the variation factors in the bubble detachment time and the equivalent bubble detachment diameter with respect to the corresponding variation factors for each of the examined controlling parameters, for the cases of the R113 refrigerant that are common to all of the conducted series of parametric numerical experiments. As can be observed, according to the overall parametric numerical simulations, the heated plate superheat seems to be the most influential parameter on the bubble detachment characteristics. The influence of the ITBL and the surface wettability is also quite important. Finally, the gravitational acceleration seems to have a minor influence both on the bubble detachment time (t det ) and the equivalent bubble detachment diameter (D eq ).
Conclusions
From the overall analysis and discussion of the results, the following important conclusions can be drawn:
• Among the examined fundamental controlling parameters, it is shown that the heated plate superheat constitutes the most influential parameter, followed by the ITBL and the heated surface wettability (contact angle). For the examined flow conditions, the least influential parameter seems to be the applied gravitational acceleration.
•
The bulk liquid thermal boundary layer thickness is a very influential parameter that should always be measured and reported in future experimental studies, since it comprises a required input for the successful numerical simulation of nucleate boiling processes.
The bubble detachment characteristics seem to be significantly affected by the imposed contact angle (wettability of the heated plate) for values higher than the critical contact angle, which is equal to 45 • . However, the proposed effect is minimal for contact angles lower than this limiting value of 45 • . This finding leads for the first time to the identification of two distinct regions a "lyophilic" region for contact angles lower than 45 • and a "lyophobic" region for contact angles higher than 45 • .
• It is also found that the increase of the applied wall superheat causes a power law increase in both the bubble detachment time as well as the equivalent bubble detachment diameter, for all three of the examined working fluids. Temperature variations of even a few degrees can significantly alter the bubble detachment characteristics. Therefore, it can be concluded that the accurate measurement of the temperature value in the vicinity of the generated bubbles is quite crucial for the numerical reproduction of experimental results on nucleate boiling.
For all three of the examined working fluids, both the bubble detachment time as well as the equivalent bubble detachment diameter decrease with the corresponding increase of the applied gravitational acceleration, following a power law. It is quite important that this power law effect on the bubble detachment characteristics almost disappears at pressure conditions higher than atmospheric pressure. This constitutes a quite useful finding for the design of experimental set-ups for micro-gravity and hyper-gravity experiments, and therefore it is worth further investigating the bubble detachment characteristics for a variety of different pressure levels below and above atmospheric pressure for the same gravitational acceleration values as the ones considered here.
In summary, the present investigation adds significantly to the existing knowledge on bubble growth and detachment in cases of saturated pool boiling of refrigerants, since a comprehensive examination of the effect of fundamental controlling parameters on isolated bubble detachment characteristics was conducted (more than 100 high-resolution, transient, numerical simulations were conducted for the purposes of the present investigation), identifying their exact quantitative influence on the bubble detachment diameter and time as well as their relative importance. Finally, it can be said that the use of the improved VOF-based interface-capturing approach, which was proposed, presented, validated and applied in the present investigation, constitutes a quite promising and novel tool for the simulation of bubble growth and detachment processes, providing great insight regarding the complex underlying physics, hydrodynamics and thermodynamics of such two-phase flow phenomena of significant interest for real technological applications.
In future investigations, the main aim is to develop a global simulation approach that is independent of empirical inputs such as the evaporation/condensation coefficient γ. Therefore, it is deemed appropriate to either substitute the model of Hardt and Wondra [19] with a more appropriate boiling model that does not depend on γ, or to couple the present VOF-based framework with an appropriate sub-model that provides the value of γ according to the global operating conditions. Acknowledgments: Part of the results presented in the present paper constitute part of a wider research work, which was related to the development of a VOF-based flow boiling model, able to predict the bubble detachment characteristics in cases of diesel fuel flow boiling within injector nozzles, and it has received funding from the People Programme (IAPP Marie Curie Actions) of the European Union's Seventh Framework Programme FP7/2007-2013/under REA grant agreement No. 324313. The authors would also like to acknowledge the contribution of the super-computing facilities of CINECA, in Bologna (Italy), for the conduction of the large number of numerical simulations of the present investigation in a relatively short time. Part of the present work has also been carried forward in the framework of the ESA MAP Project INWIP. Therefore, the authors would also like to thank Olivier Minster and Balazs Toth for their interest and support.
Author Contributions: Anastasios Georgoulas and Marco Marengo developed, validated and partially applied the code for one of the working fluids considered. Manolia Andredaki performed all the additional parametric simulations and the overall post-processing of the numerical runs. All authors contributed equally in the analysis of the overall data, the writing and revision of the present paper. 
Appendix A
